Montmorillonite (Mt) hold a great potential in improving inflammability of polyamide nanocomposites. This paper presents research on a novel class of flame retardants prepared by adsorption of disodium H-phosphonate (DHP) on the sodium montmorillonite (Mt) and organophilized montmorillonite (OMt) -clay surface. Using instrumental analyses including Xray diffraction (XRD), thermogravimetric analysis (TGA), cone calorimetry, limiting oxygen index (LOI), UL-94 technique and scanning electron microscopy (SEM) the influence of DHP and Mt or OMt in PA6 on the thermal stability and fire reaction properties of PA6 was investigated. The adsorption of DHP on Mt and OMt delayed the onset of the degradation temperature of PA6 by 8 and 23 °C, respectively. The flame resistance of nanocomposite with 0.75wt% of DHP stabilizer adsorbed onOMt surface was significantly improved as 59% reduction in maximum peak of heat release rate compared to neat PA6 was observed. The UL-94 and cone calorimeter results have shown that the tested materials burn differently, which are reported here as three behaviors during combustion. Based on these results it was found that the surface-modified Mt protects the polymeric material against the degradation within the temperature range used by formation of phosphorus-mineral char.
Introduction
Clay/polymer nanocomposites (CPN) received considerable attention in last two decades due to their good mechanical properties, high dimensional stability and barrier properties (Leszczyńska et al., 2007a; 2007b; Leszczyńska and Pielichowski, 2008; Pavlidou and Papaspyrides, 2008; Pielichowski and Leszczyńska, 2006; Ray and Okamoto, 2003; Tunç et al., 2016) . Among different polymers used as matrices for nanocomposites with layered silicates including montmorillonite (Mt) (Alexandre and Dubois, 2000; Beyer, 2002; Porter et al., 2000) , polyamide 6 has been proved to be vastly used material showing a set of excellent properties, such as high mechanical strength, hardness and rigidity, as well as good chemical resistance and low thermal expansion (Duleba et al., 2014; Monticelli et al., 2007) .
One of the main problems that limits the application areas of PA6-based products is its flammability. In a search for novel solutions, Mt has been found to act as a flame retardant through reduction in heat release rate due to the formation of a protective surface barrier/insulation layer consisting of accumulated clay layers (García-López et al., 2013; Gilman et al., 2000; Laoutid et al., 2009; Morgan and Wilkie, 2007) .
Along this line of interest, Morgan et al. (2000) investigated the flammability of clay/polyamide 6 nanocomposite with intercalated and exfoliated structures. They reported that intercalated and delaminated nanomorphologies using organoclay were equally effective in reducing the flammability of PA6. Bourbigot et al. (2002) for the first time investigated the flammability of clay/PA6 nanocomposites as textile fabrics. It was shown that the heat release rate of clay/PA6 reduced by 40% compared to pure PA6. In clay/PA6 fabrics while some flame retardant effect was observed, it was not to the extent that the clay/PA6 nanocomposite fabrics can be termed as 'flame resistant' and they can pass commercial fire tests. Hence, additional conventional flame retardants were added in them. On these lines, Lewin (2011) tried to decrease the flammability of polyamide 6 using three conventional flame retarding additives in the absence and in the presence of Mt nanoparticles. Depending on the type of flame retardant used, synergism, antagonism, additive effect in flame retardancy as well as improvement in mechanical properties were observed.
An alternative approach is to add flame retardant elements in the Mt. Kandola et al. (2008) have reported that Mt modified with diethyl-p-vinylbenzyl phosphonate can reduce the flammability of polymers, but the concentration of phosphorus in the modified Mt was too low to show a significant effect.
A new approach of modification of Mt, i.e. adsorption of a phosphorous-containing compound (disodium H-phosphonate) on the Mt surface has been proposed. Thermally stable Mt-DHP and OMt-DHP were obtained in order to withstand the high processing temperature of PA6. These thermally stable modified montmorillonite hybrids containing phosphorus should increase both the thermal stability and flammability of PA6. Such hybrid flame retardant system is expected to combine barrier properties of Mt with char forming property of phosphorous compound adsorbed on the layered silicate surface for enhanced performance.
Experimental

Materials
The particulate nanocomposites used were produced from a PA6 melt-compounded with either an unmodified montmorillonite (Mt) or an organo-modified montmorillonite (OMt). The PA6 (Tarnamid® T30), supplied by Azoty Tarnów, was of high-viscosity extrusion grade, designed for technical applications. The Na + -Mt (Dellite® HPS), supplied by Laviosa Chimica Mineraria S.p.A, was a high purity grade (CEC = 128 meq/100 g). The OMt (Dellite® 43B), supplied also by Laviosa, was an octadecylammonium salt modified grade developed for compounding with PA6. Disodium hydrogen phosphonate (Disodium H-phosphonate, DHP) -a thermal stabilizer for polyamides -was supplied by Brueggemann Chemical.
Adsorption of DHP stabilizer 2.2.1. Adsorption of DHP stabilizer on Mt
For the adsorption of a stabilizer on the sodium montmorillonite the following procedure was used. The stabilizing compound DHP (0.75 wt% of the total composition) was dissolved in distilled water. Then montmorillonite (3 wt% of the total composition) was added, the mixture was left for 24 hours at room temperature. Then the temperature was increased to 50°C and the mixture was stirred for 5 hours. The dispersion was left to cool down and was stirred for further 19 hours with a magnetic stirrer. The next step included evaporation of the solvent using an evaporator and drying in an oven at 100°C for 48 hours. In a further step, the samples were frozen in liquid nitrogen and lyophilizer over 7 days. After removal of the lyophilizer, the modified montmorillonite was milled in a pestle and mortar and sieved through a set of sieves (mesh sizes in the range of 0.1-0.00001 mm), to get a fine dust.
Adsorption of DHP stabilizer on organo-modified Mt
The adsorption of the DHP on organo-modified montmorillonite required the use of a slightly modified procedure. The stabilizing compound DHP (0.75 wt%) was dissolved in a mixture of methanol and acetone in a ratio 1:1 and then 3 wt% of Mt was added into solution. After modification using similar conditions as in Section 2.2.1, solvents were evaporated -by heating in an oven at 40°C for 5h , at 90°C for 2h, followed by drying in an oven at 100°C for 48 hours.
Further proceedings were the same as in the case of modification of sodium Mt (Section 2.2.1).
Measurement of the specific surface area by analysing the gas sorption was executed using
Autosorb-1 by Quantachrome. Each sample before the measurement was activated for 18 hours at 100°C in the vacuum. The measurement was performed using nitrogen adsorption at liquid nitrogen temperature on samples in the form of pellets of a mass ~0.5 g.
BJH and NLDFT methods
BJH method is a vastly used pore size distribution determination method, typically applied to nitrogen desorption data measured at 77 K on mesoporous materials. BJH method is based on modified Kelvin equation and links the amount of adsorbate removed from the pores of the material, as the relative pressure decreases, to the size of the pores. Assumption is made that at the initial relative pressure of the desorption, all the pores are filled with the adsorbate fluid (Roque-Malherbe, 2007) . NLDFT method utilizes a DFT model for calculating the pore size distribution from adsorption isotherms and it provides a versatile approach for calculating the pore structure parameters compared to the conventional methods based on the Kelvin equation (Seaton et al., 1989) . The adsorption experiment involves equilibrating the adsorbent-adsorbate system at a given temperature for different adsorbate gas pressures (Cohan, 1939) . NLDFT method refers to the complexity of the hysteretic nature of adsorption isotherms associated with the geometrical specifics of a given pore structure (Lastoskie et al., 1993; Olivier et al., 1994; Ravikovitch et al., 1995) .
Sample preparation
To observe the effect of either adding DHP stabilizer with clay or reacting the DHP stabilizer with clay on thermal stability of PA6, the DHP was introduced into the system in two ways:
-by physical addition of DHP into the formulation of the composite,
-by adsorption of DHP on the surface of montmorillonite during chemical modification and then addition of modified montmorillonite into the system. Way of addition of Before the preparation of PA6 nanocomposites, materials were dried in a laboratory vacuum oven. Polyamide was dried at 80°C for 3 hours. Dried components were mechanically premixed then compounded using a twin co-rotating screw extruder Thermo Scientific Rheomex PTW 16/25 XL with a screw speed of 150 rpm, a temperature profile in the range of 245°C (feed throat) to 260°C (die). The compounds were extruded into strands of 4 mm diameter, which were hauled into a quenching water trough prior to being pelletized (Table 2) . Atmospheric venting To minimize moisture uptake pellets were immediately wrapped in aluminum foil and sealed in polyethylene bags. Prior to testing, all specimens were dried at 80°C for 24h. The samples in shape of plates and sheet for flammability tests were made using a TH&J Daniels Ltd Mackey Bowley laboratory compression press machine using conditions shown in Table 3 . 2.4. X-ray diffraction and scanning electron microscopy (SEM)
X-ray diffraction (XRD) measurements were performed by X-ray powder diffractometer Phaser D2 with a Cu Kα2 (λ=1.54 Å). Measurements were made in two systems:
-in the range of 5°-40° angle 2θ-a slit width of 1 mm and an aperture of 3 mm in trading system with step 0.5 at 180°; -in the range of 0.5°-3° angle 2θ-a slit width of 0.2 mm and the aperture of 1 mm in the stationary system.
In both systems clays were in powder form random powders.
To illustrate the morphology of the residues of cone burnt samples, a scanning electron microscope Jeol JSM-6010LA was used. After the application of thin layer of gold on prepared samples, pictures were obtained at an accelerating voltage of 8-20 kV. testing, the bottom surface and the edges of the samples were wrapped with aluminum foil to ensure that only the top surface would be directly exposed to the heat source. A minimum of three tests were performed for each formulation.
Limited oxygen index
The limited oxygen index (LOI) for all samples was measured according to a standard method (BS 2782) using a Stanton Redcroft apparatus equipped with an oxygen analyser. At least four specimens of dimensions 150 mm x 12.5 mm x nominal thickness were tested for each sample.
UL-94 flammability tests
A standard method UL-94 (ISO 1210), designed by the Underwriters Laboratories, was used to classify the PA6 samples according to their ignition resistance when exposed to a standard open flame. In the horizontal UL-94 testing mode, specimens were exposed to a flame of 20 mm height, generated from a methane gas burner with a gas flow rate of 105 mL/min. Each sample was marked at 25 mm and 100 mm from its exposed end. After the flame passed the 25 or 100 mm mark, the time was recorded, from which burning rate could be recorded. Results reported are an averages of three tests for each of the samples investigated.
Results and discussion
Porous properties
The parameters of adsorption for Mt, Mt-DHP, OMt and OMt-DHP were determined by BJH (Barrett-Joyner-Halenda) and NLDFT (Non-Local Density Functional Theory) methods.
In each of these samples the specific surface area, pore volume and size were calculated and are given in Table 4 . These materials were probably internally porous (Roquerol et al., 1999) , and that non-rigid slit-shaped pores, formed during the synthesis of the layered silicates, may be present between the aggregates of plate-like particles. The presence of open pores was responsible for the high surface area of these nanomaterials. Sodium clay has a high specific surface area amounting to 56.46 m 2 /g and a pore size determined by the BJH desorption equal to 38.70 Å (Table 4) . NLDFT method shows similar trend in pore volume of modified clays.
According to the literature reports organophilization with quaternary ammonium salt of sodium montmorillonite contributes to reducing the specific surface area of the organoclay (Roquerol et al., 1999) . In the present case the difference in the specific surface area, pore size and volume between the samples of Mt and OMt was 54.29 m 2 /g, 3.87 Å and 0.08 ml/g, respectively. 
DHP
The adsorption of ammonium cations from the concentrated salt solution resulted in a significant exchange of the interlayer cations and in a decrease of water content between the layers. The montmorillonite interlayer space was reduced, as indicated by the decrease of specific surface area of OMt (Praus et al., 2008) . These results may be attributed to the unavailability of the inner surface of the clay to nitrogen gas. Difference in the surface between the sodium clay and the organoclay could be assigned to blocking of micropores by ammonium cations. A similar effect is achieved by adsorption of DHP on Mt. The surface was reduced compared to the specific surface area (SBET) of pristine Mt by 95% (Table 4) . For both, OMt sample and Mt-DHP sample, the material with comparable pore volume was obtained.
Interesting results were obtained when the montmorillonite modified with ammonium salt was adsorbed with phosphoric stabilizer (OMt-DHP). The clay modified with a surfactant chemical has a pore size greater than the reference samples. The presence of the ammonium cation and the high amount of DHP stabilizer result in enhancing the pore size. The noticeable differences in the specific surface area, the pore diameter and the pore volume between OMt-DHP sample and
OMt reference sample may result from stabilizer adsorption on hydrophilic parts of clay and from rinsing the macromolecular part of the ammonium compound (Jaruwong and Wibulswas, 2003) . Partial elution of ammonium modifier may result in an increase in the cation exchange capacity of a clay and thus the reduction in the interlayer distance; the pore diameter and pore volume is then changed (Lagaly and Ziesmer, 2003) . The surfactant is located in the interlayer rather than in intermolecular spaces. The excess of the modifier is located in intermolecular pores and causes a reduction of pore volume and BET specific surface area. With increasing content of quaternary salts in the interlayer spaces of the clay, the modifier may be present in a monolayer, a double layer (bilayer) (Yuan et al., 2006) . A large number of intercalated ammonium cations may lead to blocking of interlayer space, and thereby reducing the BET specific surface area and pore volume. The studies presented by He et al. (2005) and Juang et al. (2002) have shown that the ammonium cations are not only inside the interlayer space, but also on the surface of the clay. The adsorption of DHP on OMt resulted in increase in pore volume and specific surface area of the organoclay.
In order to know real amount of DHP adsorbed onMMT and OMMT, UV-VIS spectrophotometric technique according to standard PN-R-04023 was also used. 5.4 and 10.3 mg/100 g of DHP were adsorbed on MMT and OMMT, respectively. 
Morphology characterization
The diffraction patterns of the samples (Figure 2A and 2B) show three peaks: a high intensity corresponding to the angle of 2θ near 21.59°, and a low intensity corresponding to the angle of 2θ = 23.07°, and the smallest one near the angle 2θ = 11.17°. The diffraction patterns of the samples presented in Figure 2B presents more effective participation of DHP adsorbed on the surface of the organoclay in the formation of α100 phase.
The intensity of the reflection near 2θ = 21° for the OMt-DHP/PA6 curve is greater than the reflection of the OMt/PA6 or OMt/DHP/PA6 composition. Thus, the presence of inorganic phosphorus phase reduces the degree of crystallisation of α phase for network planes 002/202.
Polyamide 6 reinforced with organoclay (OMt/PA6) is characterised by the presence of a broad reflection with a maximum intensity at the angle of 2θ = 1.50°, which corresponds to a value of d = 5.88 nm. In addition, the curve has some inflexion in the vicinity of 2θ = 2.54°, 2.19°, 1.25° and 1.05°. This means that the dispersion of the organoclay in the polyamide matrix has a greater effect on intercalation than the sodium clay. The dispersion of the organoclay and DHP results in almost linear increase in the intensity from the base line of 2θ = 3° to a maximum reached at 1.12°. The distance between planes is calculated from Bragg's equation and amounts to 7.9 nm. On the other hand, the dispersion of the organoclay with the adsorbed layer of DHP resulted in obtaining a slightly modified structure of the composite. In the range of 0.5° -3° two peaks of the intensity at 2.38° and 1.50° of the angle 2θ were observed. The first value corresponds to the interlayer space equalling to 3.72 nm. The second, obtained in an identical section as in the case of OMt/PA6, corresponds to the separation of layers of 5.88 nm. The stabilizer adsorption on the organoclay increases the value of reflection intensity obtained for OMt/PA6. This is confirmed by the behaviour of the intercalated structure having a higher ratio of fractions by d = 5.88 nm and coexisting with the other phases. All composite diffraction patterns are characterised by the presence of reflections at low angles, which confirms obtaining a nanometric structure of the polyamide composite.
Effect of Mt and modified Mt on thermal stability of PA6
The thermogravimetric curves for the Mt/PA6 and OMt/PA6 nanocomposites with 0.75 wt% DHP stabilizer are presented in Figure 4A and 4B, respectively. The analysed results in terms of temperatures at which 5 (T5%), 10 (T10%), 20 (T20%), 50% (T50%), and maximum (Tmax) mass loss occurs are given in Table 5 . For the composite Mt/DHP/PA6 T5% was equal to 374°C. In contrast the adsorption of DHP helped to shift the beginning of the degradation by 8°C higher in relation to polyamide 6. In the range of 400°C-475°C, the composite, having physically mixed DHP stabilizer, has increased stability (in terms of lower mass loss) compared to other PA materials.
In the range of 400-500°C depolymerization process takes place with emission of large amounts of ε-caprolactam (Bourbigot et al., 2010; Kashiwagi et al., 2005; Visakh and Arao, 2015) . This is important not only in terms of thermal stability but also from the point of recycling clay/PA6 composites. In the narrow range of 440°C-460°C, the PA6 curve overlapped the Thermograms presented in Figure 4B show that within a temperature range of 100°C-400°C, the OMt-DHP/PA6 nanocomposite had least mass loss and hence, the highest thermal stability.
The thermooxidative degradation of polyamide compositions ( Figure 4A and 4B) takes place in four steps. TG curves of the composites containing the nanofillers and DHP stabilizer are similar to these of materials without nanofiller or DHP stabilizer from ambient temperature up to about 480°C. In this temperature range three steps of degradation are observed. The first, between 20°C and 200°C is due to evolution of physically adsorbed water at temperatures up to 120°C, and the water from hydrated ions which is lost in the temperature range of 80°C-180°C. The second, between 200°C to 470°C, is attributed to scission of HN-CO bonds, leading to the formation of unsaturated and saturated carbon-carbon bonds along macro-chain. In the higher temperature range of 550 to 600°C stabilization action in OMt-DHP/PA6 system can be observed which may be attributed to the ceramic-like structure formation. The best stabilizing effect (T50%, Tmax, % mass residue) among all the tested materials was
shown by OMt-DHP/PA6 nanocomposite. In the temperature range of 400°C-480°C, the curves of OMt/DHP/PA6 and OMt-DHP/PA6 practically overlapped, suggesting a similar thermal stability within the considered temperature range. For these stabilized composites, the amount of the resulting char was approximately equal to 10%.
The amount of solid residue after decomposition of the OMt-DHP/PA6 was 2.3% higher than that of OMt/DHP/PA6. This shows that the formation of carbonaceous char residue acting as a barrier for volatile decomposition products is enhanced both for Mt-DHP/PA6 and OMt-DHP/PA6 samples. A possible combined effect can be considered between the OMt or Mt and DHP enhancing the formation of phospho-carbonaceous char residues. DHP stabilizer adsorbed on the surface of the organoclay protects the polymeric material against the degradation within the temperature use range and at the processing temperatures.
In order to afford a fair comparison of the effect of nanoparticles on polyamide, it is important to define a thermal analysis parameter that is matrix independent. In this study, the overall stabilization effect (OSE) for Mt/PA6 and OMt/PA6 nanocomposites was calculated via integration of the area under the mass % versus temperature curves shown in Figure 4A and 4B (Katsoulis et al. 2011 ):
Where T is the degradation temperature. A high positive OSE value indicates an improvement in the overall thermal stability of the polymer nanocomposite in the temperature range 20-605°C while a negative value suggests that the overall thermal stability of the nanocomposite is inferior to that of the unmodified matrix. OSE values for Mt/PA6 and OMt/PA6 nanocomposites are presented in Figure 5 .
Figure 5 Overall thermal stabilization effect of nano-additives in polyamide 6
These results show the combined actions between clay or organoclay and DHP stabilizer. PA6
with nanofillers showed mixed results; i.e., the former improved thermal stability in OMt/PA6 but reduced the OSE value in Mt/PA6. Sodium montmorillonite gave the least (or minimum)
overall stabilization values for all samples probably due to poor dispersion of the nano-additives in the polyamide matrix. PA6 with organoclay (OMt/PA6) have slightly improved thermal stability (0.5%) compared to neat polymer. Addition of 0.75 wt% of DHP stabilizer into PA6 increased OSE more than 3 wt% of nanofillers. Presence of DHP in neat PA6 or Mt/PA6 systems gave a positive OSE values for all polyamide materials albeit at different magnitudes. Physical mixing of stabilizer with matrix and sodium montmorillonite during processing led to increase in overall thermal stability by about 3%, while addition of Mt-DHP hybrid to PA6 gave OSE value close to 3.6%, compared to neat polyamide 6. Organoclay-stabilizer systems had the highest OSE value of all samples studied herein suggesting that organoclay when used together with DHP has a significant effect on the thermal stability of polyamide 6 matrices. Physical mixing of DHP with other components during high temperature processing did not give such high OSE values as adsorption of stabilizer on organoclay surface. Probably the dispersion of the stabilizer in the ternary system is insufficient and may have limited effect on this material property.
The dispersion of Mt and OMt in the polymer melt does not improve OSE more than 1% compared to the reference sample. In order to improve the thermal stability, the phosphorus stabilizer should be adsorbed on the surface of the clay. Moreover, in the temperature range of 20-180°C the highest thermal stability has been shown by the OMt-DHP/PA6 composite. It can operate at high temperatures up to 150°C while retaining its performance characteristics.
Flammability
Cone calorimetry
While the thermal degradation behavour of polyamide 6-based nanocomposites has been studied via thermal analytical technique, in order to assess the thermal response of materials under fire conditions, other tests such as cone calorimetry, LOI and UL-94 have been performed.
Flammability parameters such as the time-to-ignition (TTI), the heat release rate (HRR), total heat release (THR) and mass loss rate (MLR) can be extracted from cone calorimetric data.
Heat release rates as function of exposure time at 35 kW/m 2 for neat PA6 and Mt/PA6 as well as OMt/PA6 nanocomposites have been plotted in Figure 6 . Extracted cone calorimetric data for all samples are given in Table 6 .
Pure polymer ignited at 64 s, after that, HRR started increasing to achieve maximum value, peak heat release rate, (PHRR) at 1227 kW/m 2 . The curve of PA6 with a DHP stabilizer has a slightly different shape compared to the PA6 curve. The presence of DHP in PA6 matrix (DHP/PA6) decreased PHRR value by about 14%, compared to the PA6. Curves of HRR versus time for DHP/PA6 and Mt-DHP/PA6 samples exhibit two peaks assigned to the development of intumescenct char. The first corresponds to the formation of a protective layer of the nanolayer acting as a thermal barrier, and the second is due to its destruction or failure. When a FR system (DHP or Mt-DHP) is included in the formulation, the first peak heat release rate (PHRR) is reduced. However, if the second peak decreases or there is not any second peak, it probably means that stable char is formed. Nevertheless, the presence of a DHP stabilizer in the polyamide 6 did not lead to a significant change in the total heat release or residue left at the end of the experiment. However, DHP/PA6 system emits more smoke than pure polymer or Mt/PA6. Reproducibility of the results was good as shown by the deviation values given in Table 6 . The
OMt-DHP/PA6 nanocomposite has a higher flame out time (FOT) value, which means that the sample burns for a longer time but with the lowest THR value among all of the materials.
Samples containing OMt/DHP and OMt-DHP also had the best results of PHRR. The addition of the stabilizing agent reduced the PHRR value of the composite by about 53% in the case of OMt/DHP/PA6 and 59% in the case of OMt-DHP/PA6, compared to neat PA6. The curve representing the sample OMt-DHP/PA6 after ignition ( Figure 6B ) quickly reaches the maximum, and oscillates at a narrow point of maximum, creating a broad peak during the entire combustion process. Usually PHRR comes directly after ignition. As the heat release rate is proportional to the oxygen consumed, this means that not a lot of oxygen is consumed immediately after ignition and here the peak is not clear. Combined action between organoclay and DHP stabilizer do not allow the oxygen to reach the inner parts of sample during further burning even when the surface starts to break up. This effect is further confirmation of a physical interaction between all components, which is maintained even after high temperature processing. The observed flame retardant behavior in these PA6 nanocomposites can be attributed to a barrier effect arising from the formation of phosphorous-coated carbonaceous char originating from organically modified clay sheets.
Limited Oxygen Index
LOI is a quantitative method via which the relative flame retardancy of materials can be evaluated. LOI is defined as the minimum oxygen concentration in an oxygen-nitrogen mixture that will just support flaming combustion. An increase in the LOI value suggests an improvement in the fire reaction properties of materials investigated.
Results presented in Table 7 show that addition of both Mt and OMt slightly increases LOI of the PA6. Addition of 0.75 wt% DHP stabilizer to pure PA6 in sample DHP/PA6 decreases LOI compared to neat PA6 by about 0.1, which is within the experimental error range. However, addition by physically mixing or by adsorption on clay surface of the same amount of DHP stabilizer to OMt/PA6 leads to lower LOI value, similar to that for DHP/PA6 sample. could be also caused due to clay presence which influences the reduction in melt dripping. The clay holds the polymer together and it burns easily. The other factor could be decomposition of the stabilizer at the processing temperature of PA6. Addition of sodium Mt and organoclay into polymer matrix gave the highest LOI results suggesting that it is the most effective material that one may use to improve the fire resistance of thermoplastic systems. (Table 8 ). The char-clay barrier only slows the release of volatiles, so polyamide nanocomposite slowly burn until almost all the carbon mass has been combusted. burning rate and total number of drops. In sample OMt/DHP/PA6 dripping was reduced significantly, but it burned completely, char was created during the burning but flaming continued. There is probably a combined action of stabilizer and clay during the combustion because flame did not go with the drips like in case of Mt/DHP/PA6 sample, but char was created, which reduces the possibility of drops falling. Besides, presence of OMt and DHP stabilizer in the system shorten the burning time compared to sample with sodium clay. Sample
OMt-DHP/PA6 had a longer burning time and lower burning rate in comparison to OMt/DHP/PA6. The observed burning behavior in these PA6 composites is attributed to barrier effect of the char formed during the combustion process. Samples which lead to char creation during burning (OMt/DHP/PA6 and OMt-DHP/PA6), had higher time-to -ignition , have lower PHHR values and higher residue (see Table 6 ). The UL-94 and cone calorimeter results show that the tested materials burned in different ways, which was noticed as three behaviors during combustion (Table 9 ). This classification shows that not only burning time or burning rate is important but also the behavior during the combustion and the frequency of melt/flame dripping. This is important especially when these materials are used in applications such as automotive industry. From safety point of view when these materials are used in applications such as ceiling in buses, trams or trains, can in emergency help people to escape from burning zone and have assurance that no flaming drips will fall on peoples' heads. When the roof or ceilings are on fire, flames falling on people's head can cause burns and are additional initiator of subsequent inflammation. Samples with OMt and DHP stabilizer don't drip and a char is formed. The melt viscosity is increased mainly due to the formation of the physical network between the carbon chains of PA6 and clay and DHP stabilizer.
3.4.4. Characterization of the residues from cone calorimeter tests Figure 7 shows images of samples after burning in the cone calorimeter. The char, after the combustion of Mt/PA6, had the consistency of fine dust, while the OMt/PA6 left a dark char full of agglomerates. In both OMt/DHP/PA6 and OMt-DHP/PA6 materials such thin layer was visible on the surface of the char presented in Figure 7E and 7F.
In Figure 6 HRR profiles for DHP-Mt/PA6 and DHP-OMt/PA6 are presented, whose residues after combustion in the cone calorimeter are shown in Figure 7D and 7F. Figure 6A shows the curve of HRR for DHP-Mt/PA6, which has two characteristic peaks. The first peak (after 140 s)
is related to the evolution of energy during the formation of thin layer of char on the surface of burnt material. The second peak (after 250 s) is obtained when the layer formed previously is rapidly degraded. The char formed is not thermally stable to protect the material from open flames or access of oxygen. Consequently, the Mt-DHP/PA6 burns for a longer time compared to other samples, releasing a large amount of energy. Figure 7D indicates that the residue is a uniform grey powder. There were no other layers, which means that the layer of the phosphocarbonaceous char, formed during the combustion, was completely decomposed. In contrast, HRR curve for DHP-OMt/PA6 shown in Figure 6B , has only one peak formed after 150 s of combustion After reaching a maximum, trend of the curve has remained at this level for nearly 120 seconds. These results suggest that DHP-OMt/PA6 forms a thermally stable phosphorusmineral char which does not decompose during long-term burning. The structure presented in Figure 7F confirms this hypothesis. The thin layer shown in Figure 7F SEM studies show that in the case of OMt/PA6 sample containing only organoclay the charred residue has a loose porous network structure ( Figure 8B ). This sample was burning up by the proposed type no. I, where the material practically melted releasing the gaseous products at the same time.
On the other hand, the images presented in Figures 8C and 8D are for the chars of OMt/DHP/PA6 and OMt-DHP/PA6, respectively. The charred residue of OMt-DHP/PA6
containing both organoclay and DHP ( Figure 8D ) is more compact than that of OMt/DHP/PA6
( Figure 8C) . Moreover, the microstructure of the OMt-DHP/PA6 charred residue shows greater homogeneity and compactness ( Figure 8D ) than that of OMt/DHP/PA6. The magnified (2,500x)
image indicates the formation of the highly porous structure of the OMt/DHP/PA6 char.
The formation of the protective charred layer is important for flame retardant systems working in condensed phase. As it was discussed above (see section 3.3 and 3.4) for the clay sheet barrier effect, the presence of DHP adsorbed on organoclay surface in the polyamide inhibits the vigorous bubbling process and facilitates the formation of continuous protective charred layer made of clay and phospho-carbonaceous char on the burning polymer surface. This protective layer more effectively protects the underlying polyamide from combustion and reduces heat and mass transfer between the gaseous and condensed phases. Besides, in the presence of additives a kind of physical network is formed between the polymer and the particles of the stabilizer or stabilizer molecules, and the clay tiles. Phosphorus is also a very good catalyst for carbonisation (Dasari et al., 2007; Pramoda et al., 2003; Szustakiewicz et al., 2013; Wilkie and Morgan, 2010) . In the carbonisation process a large amount of gas is produced, which may also affect the burning of polyamide materials. The mechanism reducing the combustibility of phosphonium or phosphate group also includes, among others, transforming them into the phosphate group by high temperatures. Such groups form new PO • radicals that catalyse the recombination of H • radicals and sweep OH • radicals resulting from the dissolution of the polymer hydroperoxide (Davis et al., 2003; Grand and Wilkie, 2000; Kashiwagi et al., 2004; Majka et al., 2016; Song et al., 2004; Yousif and Haddad, 2013) . As a result of these reactions the flame temperature is gradually reduced and the amount of heat dissipation is also reduced (Bockhorn et al., 2001; Samyn et al., 2008) . Decomposition products present in the system of phosphorous compounds react with the carbon releasing much less heat than the reaction of oxidation. The acids formed at the surface of the burned polyamide composite catalyse the formation of the carbonised product at the expense of volatile flammable products (Dasari et al., 2007; Pramoda et al., 2003; Szustakiewicz et al., 2013; Wilkie and Morgan, 2010) . In addition, it should be also noted that the presence of layer silicate within the composition helps in reducing the flammability of PA6. As a result of the interaction between the polymer matrix and the nanofiller, the rate of mass loss during combustion of the polyamide nanocomposites is reduced compared to the pure polymer. Therefore, the amount of the combustible volatile materials is reduced. The efficiency of the carbonisation process during the combustion, observed among others during the test with UL-94 method, is also increased. 
Conclusions
